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ABSTRACT   
This work presents an experimental demonstration of a scheme based on an internally modulated fiber ring laser for high-
sensitivity temperature sensing. The attained temperature resolution has been as low as ± 2pm even when a commercial 
FBG with a sensitivity of 10 pm/°C was used. Thus, a fivefold improvement in the temperature sensor resolution can be 
achieved when compared to a simple FBG interrogation scheme. In addition to this, the measuring range could be selected 
only by changing the frequency modulation of the fiber ring laser. This technology also allows to triple the photodiode 
bandwidth unambiguously when temperature or strain measurements are carried out, which is a remarkable achievement 
in term of cost reduction.  
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1. INTRODUCTION  
Fiber optic temperature sensors have been deeply studied due to the fact that they offer many advantages such as durability 
in harsh environment, small size and weight and immunity to electromagnetic interference [1].  In addition to this, these 
sensors can be employed in very different applications such as aeronautics, health monitoring [2], or heat treatments for 
foods [3]. Nevertheless some applications require lower sensitivities that those obtained by using for example, fiber Bragg 
gratings (FBG). The Bragg wavelength shift is about 0.01 nm/°C in silica, and a wavelength resolution of 10~11 pm (at 
1.5 µm) is required to resolve a temperature change of 1°C due to the small thermal expansion coefficient and its small 
thermo-optic coefficient[4] . Because  this thermal sensitivity is too small to discern a temperature change of 1°C, a number 
of techniques have been considered for improving the temperature sensitivity of the FBGs: coating the cladding of the 
FBG with temperature-sensitive materials, cladding-etching or polymer packaging [5], [6].  
In this work the initial results of a technique based on an internally modulated fiber ring lasers for high-sensitivity 
temperature measurement are presented. The proposed setup attains a temperature measurement resolution as low as ±2pm 
when a commercial FBG with a sensitivity of 10 pm/°C is used as sensor, ensuing a resolution improvement of five times 
when compared to a simple interrogation scheme. The measurement range of the system is defined as three times the 
modulating frequency of the fiber ring laser, being possible to tune it just by modifying this parameter. Also, the maximum 
required bandwidth of the photodetector used is determined by the modulating frequency. Thus, this scheme enables the 
unambiguous measurement of temperature over a bandwidth which triples the available bandwidth of the photodiode 
employed, which is a remarkable achievement in terms of reducing costs. 
2. EXPERIMENTAL SETUP 
The schematic setup of the erbium doped fiber ring laser (EDFRL) used to carry out this experiment is shown in Fig. 1. 
This EDFRL comprises a standard single-mode fiber (SMF) ring within which a highly doped Er-fibre (M-12, with 
absorption of 16-20 dB/m at 1531nm, by Fibercore) has been incorporated, acting as the active medium. The amplification 
was obtained by using 4 meters of this highly doped erbium fiber. The fiber length needed for the cavity was shorter than 
in other cases [7]. Additionally, a 980-nm pump source and a wavelength division multiplexer (WDM) were used to form 
the ring resonator.  
The wavelength selection was carried out by means of a FBG with a Bragg wavelength of 1552.3nm and the optical isolator 
was included to ensure unidirectional oscillation in the ring cavity avoiding the hole burning effect. A 3dB coupler was 
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used to incorporate the FBG into the laser cavity. Between the coupler and the FBG, a four port optical circulator was 
placed in order to insert an amplitude modulator and a polarization controller (PC). In this experimental demonstration, 
the attained reflected signal from the FBG was modulated at 10 GHz. Finally, a 3dB coupler was employed to extract part 
of the erbium doped fiber laser optical power from the ring to the output port. This laser line was combined with a reference 
obtained from the output of a commercial tunable laser source (TLS) with a linewidth of 100 KHz. The output signal was 
simultaneously monitored by an optical spectrum analyzer (OSA) with a highest spectral resolution of 0.01 nm and an 
electrical spectrum analyzer (ESA) whose resolution bandwidth can be as good as 1Hz. The photodetector used had a 
bandwidth of 38 GHz, although a bandwidth similar to the modulating frequency, that is, only 10 GHz is required for the 
proposed scheme. 
 
Figure 1. Proposed erbium doped fiber ring laser for high-sensitivity 
temperature sensor applications. 
Figure 2._Output optical spectrum for the EDFRL 
modulated at 10 GHz and where SSB was applied. 
3. RESULTS 
Figure 2 shows the output optical spectrum for this EDFRL for a 500mA pump power. In this case a single-sideband 
modulation (SSB) has been selected with a modulating frequency of 10 GHz. As can be seen in this figure, the SSB (λSB1) 
and carrier (λC) are centered at 1552.175 nm and 1552. 256 nm respectively and the output power level are about -47 dBm 
and -40 dBm in that order. Likewise, second side band (λSB2) does not appear in this optical spectrum. The characterization 
of this new laser for sensor application was carried out by changing the central wavelength of the TLS. By doing so, instead 
of testing the sensor by heating the FBG on a climatic chamber in a specific range, the TLS was tuned from 1552.175nm 
(over λSB1) to 1552.287 nm in order to evaluate the span under test. 
In this case, as the modulating frequency applied to the fiber ring laser was 10 GHz, the separation between these two 
peaks is about 0.08nm. Taking into consideration the fact that the typical temperature sensitivity of a FBG is about 10 
pm/ºC, the temperature range to be measured within this spectral range would be about 8ºC. This modulation frequency 
was selected to be 10 GHz in order to be easily distinguished by the OSA resolution but the temperature range than can be 
evaluated could be decreased or increased only by changing this parameter according to our needs. 
Figures 3 and 4 illustrate the optical and electrical results when the TLS was tuned to 1552.2 nm. As figure 3 shows, the 
TLS (λTLS) was tuned closer to the SSB (λSB1) than the carrier (λC). That fact can be also observed in the electrical domain 
(see Figure 4).  The first observed beat signal, centered at around 3GHz, corresponds to the beat between the TLS and the 
λSB1 because its output power lever is lower than the second one. This second beat signal, centered at about 7 GHz, was 
due to the beat between the TLS and the carrier (λC). Finally, the third peak centered at 10 GHz corresponds to the 
modulation introduced in our fiber ring laser. 
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Figure 3. Output optical spectrum for the EDFRL modulated at 
10 GHz and the TLS tuned to be located at 1552.2 nm. 
Figure 4. Output optical spectrum measured by the ESA for the 
EDFRL when the tunable laser was tuned to 1552.2 nm. 
 
Furthermore, if the TLS is tuned to be closer to λC, the output optical spectrum measured by the ESA shows opposite 
values of output power levels of the beating peaks as Figure 5 illustrates. Also to determine the temperature resolution, a 
measurement of one hour for each analyzed case using the max-hold mode at ESA, was carried out. The measure resolution 
corresponds to the difference between the higher and the lowest frequency. In order to evaluate the worst scenario, the 
TLS was tuned at exactly the same wavelength as one of the peaks (at λSB1=1552.175nm) and a confidence level (CL) of 
100% was consider. As can be shown at Fig. 6, a minimum resolution of around 500MHz (± 2pm) was retrieved, being 
these results better than the 15 pm and 10 pm obtained in [8] and [9], respectively. This resolution could be further enhanced 
by reducing the mode hopping inside the laser ring cavity. 
  
Figure 5. Output optical spectrum measured by the ESA for the 
EDFRL when the tunable laser was tuned to 1552.223 nm. 
Figure 6. Frequency instability when the tunable laser was tuned 
to 1552.2 nm measured with Max-Hold mode in ESA 
Additionally, in the case of the central wavelength of the TLS exceeding the carrier’s wavelength (see Figure 7), the output 
optical spectrum measured by the OSA shows that this wavelength is out of the temperature measurement range. However, 
in this case there will still be a beating peak within the measurement bandwidth of the ESA, corresponding to the product 
of the carrier and the reference laser. For example, as it can be seen in figure 8, one beating peak still exists at around 4 
GHz. As a result of this, it will be possible to extend the measurement range 10 GHz above the reference wavelength. 
Conversely, when the central wavelength of the TLS falls below the modulation sideband, the beating peak of the sideband 
and the TLS laser will fall within the measurement bandwidth, being possible to distinguish both cases due to the different 
power level of the beating signals. Thus, it is possible to extend the measurement range of the system unambiguously, 
allowing to triple the effective bandwidth of the photodiode. Using this technique, the temperature range to be measured 
with this technique is not about 8ºC, but 24ºC. 
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Figure 7. Output optical spectrum measured by the ESA when 
the TLS is tuned to be outside of the temperature measure range. 
Figure 8. Output optical spectrum measured by the OSA when the
TLS is tuned to be outside of the temperature measure range. 
4. CONCLUSIONS 
In this work it has been experimentally demonstrated a scheme based on a modulated fiber ring laser and its application in 
high-sensitivity temperature sensors. The attained resolution was as low as ± 2pm even when a commercial FBG with a 
sensitivity of 10 pm/°C is used as sensor. The measurement range of the system is defined as three times the modulating 
frequency of the fiber ring laser, being possible to tune it just by modifying this parameter. Also, the maximum required 
bandwidth of the photodetector used is determined by the modulating frequency. Thus, this scheme enables the 
unambiguous measurement of temperature over a bandwidth which triples the available bandwidth of the photodiode 
employed, which is a remarkable achievement in terms of reducing costs. 
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